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In order to define factors involved in very late Autographa californica nucleopolyhedrovirus (AcMNPV) gene function,
random mutagenesis of a baculovirus recombinant (AcUW1.lacZ) by 5*-bromodeoxyuridine treatment was performed. Five
viruses were selected with deficiencies in very late gene expression. These were characterized by complementation analysis.
One mutant virus, VLD1, was found to be completely deficient in very late gene function. This virus could be complemented
by a helper virus to express the very late genes, suggesting that the mutant virus was defective in an activator of very late
gene expression. Further studies revealed that the replication of VLD1 was temporally delayed when compared to wild-
type virus. The mutation in VLD1 was mapped to a subfragment of the EcoRI-I region of the AcMNPV genome between 0
and 5 map units. Sequence analysis revealed the presence of point mutations in ORF2 and in lef-2. Further mapping
experiments demonstrated that only replacement of the point mutation in lef-2 with a wild-type sequence could restore
VLD1 to a normal phenotype. Previous studies have suggested that the lef-2 gene product is involved in DNA replication.
This was investigated by comparison of DNA replication in wild-type- and VLD1-infected cells. It was found that the mutation
in the lef-2 gene of VLD1 did not have an effect on DNA replication. It is proposed that lef-2 may play a dual role, both in
DNA replication and very late gene expression. q 1996 Academic Press, Inc.
INTRODUCTION libraries of cloned AcMNPV DNA fragments (Li et al.,
1993; Passarelli and Miller, 1993a,b,c; Lu and Miller,
The prototype member of the invertebrate-specific vi-
1994, 1995; Morris et al., 1994; Passarelli et al., 1994;
ruses of the Baculoviridae is the Autographa californica
Todd et al., 1995).
nucleopolyhedrovirus (AcMNPV). It has a genome com-
In this report, we describe a different approach for
prising a large, circular, covalently closed, double-
the analysis of baculovirus genes involved in late gene
stranded DNA of 133,894 base pairs, which has recently
expression. Essentially, virus mutants deficient in very
been sequenced (Ayres et al., 1994). One of the most
late gene expression were produced by propagating
interesting aspects of baculovirus replication is the divi-
AcMNPV in the presence of 5*-bromodeoxyuridine
sion of virus gene expression into early and late phases.
(BrdU). This drug is an analogue of thymine and com-
The early phase appears to utilize host cell-encoded RNA
petes in the salvage pathway for production of deoxyribo-
polymerases (Fuchs et al., 1983). The late phase, how- nucleotide triphosphates. It can form base pairs with
ever, probably employs an a-amanitin-resistant RNA guanine residues in the template DNA, thus inducing a
polymerase to facilitate very high levels of transcription G:C–A:T mutation event on subsequent replication of the
and consequent protein production (Grula et al., 1981; BrdU-containing template strand (Hopkins and Good-
Fuchs et al., 1983; Huh and Weaver, 1990; Yang et al., man, 1980). This method of mutagenesis has previously
1991). Recent studies have begun to elucidate the virus been used to produce temperature-sensitive (ts) mutant
genes which may encode proteins responsible for direct- viruses, e.g., tsB821 (Lee and Miller, 1979) was found to
ing late gene expression (Lu and Miller, 1995; Todd et possess a ts mutation in ie-1 (Ribeiro et al., 1994) and
al., 1995). One of these genes, lef 8, may encode a large ts538 (Partington et al., 1990) was found to possess a
subunit of the baculovirus RNA polymerase (Passarelli point mutation in lef-4 (Carstens et al., 1994). Using this
et al., 1994). Most of the virus-encoded lefs have been method, we have isolated and characterized a virus mu-
identified using an elegant but simple assay of transient tant, deficient in very late gene expression, which has a
gene expression from a baculovirus late gene promoter point mutation within lef-2 (Passarelli and Miller, 1993a).
in insect cells transfected with complete or incomplete In contrast with previous studies (Kool et al., 1994; Lu
and Miller, 1995) which concluded that lef-2 has a role
in DNA replication, this process was not compromised1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 44 1865 59962. E-mail: Possee@molbiol.ox.ac.uk. in VLD1-infected cells.
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METHODS glycerol/10% (w/v) SDS/25% (w/v) 2.5% bromophenol
blue) added. After heating in a boiling water bath for 5
Cells and viruses min, the samples were fractionated on a continuous 10–
30% gradient SDS–polyacrylamide gel for labeled pro-Spodoptera frugiperda IPLB-Sf21 cells were propa-
teins or on a 12% gel for immunoblotting. Total infectedgated in TC100 medium supplemented with 10% fetal
cell proteins were blotted onto Immobilon P membranecalf serum (FCS). The C6 strain of AcMNPV was propa-
(Amersham) using a Bio-Rad Trans-Blot Cell overnightgated and titered according to standard protocols (King
at 47. Polyclonal anti-chitinase antiserum, produced inand Possee, 1992). AcUW1.lacZ (Weyer et al., 1990) con-
guinea pigs (Hawtin et al., 1995), was used to probe thetains the Escherichia coli lacZ coding region under the
blot using conditions described previously (Hawtin et al.,control of the p10 promoter, replacing the native p10
1995).coding sequences. The polyhedrin gene is retained at
its native locus. AcRP6.SC (Kitts et al., 1990) possesses
Virus growth curves
a deletion of part of the polyhedrin gene and does not
Sf21 cells (31 105) were infected with VLD1 or AcUW1-contain the lacZ gene.
.lacZ at an m.o.i. of 10. Progeny virus was harvested at
3-hr intervals until 48 hr p.i. The samples were titratedVirus mutagenesis
in a plaque assay (King and Possee, 1992) and the mean
Sf21 cells (3 1 106 cells/60-mm dish) were inoculated values of three separate experiments used to plot a repli-
with AcUW1.lacZ (Weyer et al., 1990) at an m.o.i. of 3. cation curve.
After incubation at 227 for 1 hr, the inoculum was removed
and replaced with 5 ml TC100/10% FCS containing BrdU b-galactosidase assays
(2–100 mg/ml). Three dishes were used for each drug Sf21 cells (11 106) were infected with virus at an m.o.i.
concentration. The virus-infected cells were incubated at of 10. The virus-infected cells were incubated at 287 for
227 for 46 hr before harvesting the medium. the desired period of time before harvesting, washing in
PBS, and resuspending the cell pellets in 100 ml PBS. The
Recombinant DNA
infected cells were lysed by three rounds of successive
freezing (dry ice/ethanol, 5 min) and thawing (377, 5 min).Plasmids used in marker rescue and DNA replication
Enzyme activity was estimated by adding 30 ml dilutedassays were available from previous studies (Ayres et
cell extract to 270 ml reaction buffer (1 mM MgCl2/450al., 1994). The 3.9-kb EcoRI–EcoRV fragment of VLD1
mM 2-mercaptoethanol/1 mg ml01 ONPG in 0.1 Mwas subcloned into pT7T3 18U (Pharmacia) to yield
Na2PO3 , pH 7.5). The reactions were incubated at 377 forpT7T3mutI for use in nucleotide sequencing reactions.
30 min and then terminated by the addition of 500 ml 1
Marker rescue M Na2CO3 . The absorbancies of the reaction mixtures
were estimated at a wavelength of 420 nm using a Cecil
Sf21 cells were transfected with VLD1 DNA (100 ng)
Series 6000 spectrophotometer. To determine initial
and plasmid DNA (500 ng) using Lipofectin as described
rates of reaction, the ONPG substrate was not added to
previously (King and Possee, 1992). The transfected cells
the reaction buffer, but was introduced after addition of
were incubated at 287 for 3 days before harvesting the
the cell lysate. The rate of increase of absorbance was
medium and titrating the virus therein using undiluted
measured over 5 min and the initial rate of reaction calcu-
medium and dilutions of 1001 and 1002. The plaques were
lated by determination of the gradient of the linear slope.
stained with 0.025% neutral red (Sigma) and 0.025% X-
In both types of measurements, the protein concentration
gal (GIBCO-BRL).
was estimated using the method of Lowry et al. (1951)
and compared with a standard curve prepared using aSDS–PAGE of infected-cell proteins and
range of concentrations of bovine serum albumin.immunoblotting
Nucleotide sequence analysisSf21 cells (31 105) were infected with virus at an m.o.i.
of 5 PFU/cell and incubated at 287 for 18, 21, 24, or Double-stranded DNA was derived from pT7T3mutI us-
ing alkaline lysis (Birnboim and Doly, 1979). DNA tem-48 hr p.i. For labeling infected-cell proteins, the growth
medium was removed from the infected cells approxi- plates were sequenced using modified T7 DNA polymer-
ase (Sequenase, US Biochemicals; Tabor and Richard-mately 1.5 hr prior to harvesting and replaced with starva-
tion medium lacking methionine. After incubation at 287 son, 1987) according to the protocols recommended by
the supplier.for 30 min, medium containing 20 mCi [35S]methionine
was added. The infected cells were harvested after 1 hr,
Site-directed mutagenesispelleted (4000 g; 2 min), washed in PBS, and repelleted.
The pellets were resuspended in 100 ml PBS and 25 ml Mutagenesis was carried out using the method of Kun-
kel (1985). An oligonucleotide (5*-TAATCAAATCCC-51 dissociation mix (50 mM Tris–HCl, pH 6.9/25% (w/v)
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TABLE 1AAAATGTGTATAAACCACC-3*) was used to insert the
desired mutation at nucleotide position 3620 with respect Mutagenesis of AcUW1.lacZ with 5*-Bromodeoxyuridine (BrdU)a
to the complete AcMNPV genome sequence (Ayres et
Concentration of BrdU Titre of mutagenizedal., 1994) (double underlined in the oligonucleotide se-
(mg/ml) virus (PFU/ml) % relative yieldquence). Plasmid DNA containing the mutation was char-
acterized by nucleotide sequence analysis.
0 1.3 1 107 100
2 7.4 1 106 57
DNA replication assays 5 5.6 1 106 43
10 2.0 1 106 15
A DNA replication assay was carried out based on 25 1.4 1 105 1.1
the method described by Kool et al. (1994). The plasmid 50 5.9 1 104 0.5
100 4.2 1 104 0.3pAcHL contains the AcMNPV strain C6 HindIII ‘‘L’’ frag-
ment, including hr2, in pUC118. Sf21 cells (1 1 106) were
a Sf21 cells (3 1 106) in 60-mm cell culture dishes were inoculatedtransfected with 1 mg pAcHL using Lipofectin. After incu-
with AcMNPV at an m.o.i. of 3 PFU/cell. After 1 hr at room temperature,
bation at 287 for 24 hr, the cells were infected with virus the viral inoculum was removed and cell culture medium added which
at an m.o.i. of 2. After incubation at 287 for a further 24 contained different concentrations of BrdU. The infected cells were
incubated with the BrdU for 46 hr before harvesting the medium andhr, the cells were harvested and total DNA was extracted
plaque titrating infectious virus therein.(King and Possee, 1992). The concentration of the puri-
fied DNA was determined spectrophotometrically and
confirmed by agarose gel electrophoresis with ethidium
plaques, 64 were identified which appeared to have the
bromide staining. Samples of DNA (10 mg) were digested
correct phenotype. In subsequent titrations, however,
with either HindIII or HindIII and DpnI at 377 for 2 hr. The
only five of these viruses produced colorless, polyhedrin-
digested DNA was electrophoresed in a 0.8% agarose
negative plaques. These were designated very late defi-
gel, transferred to a Hybond-N nitrocellulose filter (Amer-
cient (VLD) 1–5 in accordance with the reduction in poly-
sham International), hybridized overnight at 427 to [32P]-
hedrin and b-galactosidase production. The titers of the
dATP-labeled pUC118 (Prime-A-Gene, Promega Corpo-
VLD viruses were consistently 10-fold less than that of
ration), and washed stringently (Sambrook et al., 1989).
the original AcUW1.lacZ (data not shown). Three of the
plaque isolates, VLD2, VLD3, and VLD4, on prolonged
RESULTS staining with X-gal, produced pale blue plaques in which
cells contained a few polyhedra. The other two plaqueProduction of very late deficient mutants of AcMNPV
isolates, VLD1 and VLD5, consistently failed to produce
In order to isolate AcMNPV mutants deficient in very b-galactosidase or polyhedra and were selected for fur-
late gene expression we utilized a recombinant virus ther study. The 59 plaque isolates which were discarded
(AcUW1.lacZ) with a normal polyhedrin gene and the lacZ in this procedure proved to be parental viruses on retitra-
coding region under the control of the p10 promoter tion or simply failed to yield infectious virus.
(Weyer et al., 1990). This virus produces polyhedrin-posi-
tive, blue plaques in insect cells in the presence of X- Complementation analysis of the VLD mutants
gal. We reasoned that if this virus was propagated in the
presence of BrdU to induce random mutations (G:C to In order to determine whether VLD1 or VLD5 was defi-
cient in the activation of very late gene expression, orA:T), those virus mutants which contained lesions in a
gene encoding a factor required for very late gene ex- simply deficient in both of the very late genes them-
selves, complementation analyses were performed. Cul-pression would produce polyhedrin-negative, colorless
plaques in the presence of X-gal. tures of S. frugiperda cells were coinfected with a com-
plementing virus and VLD1 or VLD5. The complementingS. frugiperda cells were used to propagate AcUW1.
lacZ in the presence of BrdU (0–100 mg/ml; Table 1) for virus we used was AcRP6.SC (Kitts et al., 1990) which
only had a deletion in the 5* end of the polyhedrin gene,46 hr. The progeny virus produced by these cells was
titrated in a plaque assay to determine the effect of BrdU resulting in a polyhedrin-negative plaque phenotype.
This virus provided the factor(s) necessary for the regula-on virus yields (Table 1). Drug concentrations of 2 or 5
mg/ml reduced virus yields to approximately 50% of con- tion of the polyhedrin and p10 gene promoters. The ex-
tent of complementation in coinfected cells was as-trol levels, whereas BrdU concentrations of 10 mg/ml and
greater decreased virus yields to 15% or lower. sessed by monitoring the phenotype of the plaques pro-
duced.The virus stocks from cells treated with 10–100 mg/
ml BrdU were retitrated to provide 1–20 plaques per 35- Cells were coinoculated with dilutions of AcRP6.SC
and VLD1 or VLD5 and overlaid with cell culture mediummm-diameter dish. These were screened for the pres-
ence of colorless, polyhedrin-negative plaques in the containing agarose as in a normal plaque assay. Four
days later, the cells were stained with X-gal and neutralpresence of X-gal and neutral red. From a total of 1608
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FIG. 1. Complementation between VLD1 and AcRP6.SC. (A) Assay of complementation between VLD1 and AcRP6.SC by monitoring b-galactosidase
activity. Sf21 cells (3 1 105) were coinfected with the viruses indicated on the vertical axis of the bar chart at an m.o.i. of 5 PFU/cell for each virus.
After incubation at 287 for 48 hr, the cells were harvested, lysed, and assayed for b-galactosidase activity using o-nitrophenyl-b-D-galactopyranoside
as a substrate. The bars represent the mean of four independent assays for the initial rate of b-galactosidase activity. (B) Protein synthesis in cells
infected with VLD1 and AcRP6.SC. Sf21 cells (1 1 106) were infected with AcUW1.lacZ (lane 1), AcRP6.SC (lane 3), or VLD1 (lane 5) or coinfected
with AcUW1.lacZ and AcRP6.SC (lane 2) or VLD1 and AcRP6.SC (lane 4). Mock-infected cells were included as a control (lane 6). The infected cells
were harvested at 48 hr p.i., lysed, and fractionated on a 12% SDS–polyacrylamide gel. The proteins were visualized by staining with Coomassie
blue. Molecular weight standards in kDa are indicated to the right of the figure.
red and plaques assessed for the presence of b-galac- tal virus-infected cell proteins using polyacrylamide gel
electrophoresis and Coomassie blue staining (Fig. 1B).tosidase (blue color) and polyhedra. Coinfection of cells
with AcRP6.SC and VLD1 resulted in the formation of Cells infected with VLD1 or AcRP6.SC did not produce
b-galactosidase or polyhedrin protein (Fig. 1B, lanes 3plaques which were either colorless and polyhedrin-neg-
ative or dark blue and polyhedrin-positive. This sug- and 5). However, complementation of VLD1 by AcRP6.SC
(Fig. 1B, lane 4) restored production of both proteins,gested that AcRP6.SC was able to complement VLD1.
However, in the parallel experiment using VLD5 and albeit at a lower level than in AcUW1.lacZ-infected cells.
AcRP6.SC, only colorless, polyhedrin-negative plaques
were observed. This supported the conclusion that VLD5 Protein synthesis in AcUW1.lacZ and VLD1-infected
contained mutations within the polyhedrin gene and the cells
lacZ gene, although it is possible that the VLD5 virus
carried a dominant–negative mutation of the putative In the complementation studies described above, the
accumulation of proteins in virus-infected cells by 48 hrvery late transcriptional activator.
The results with VLD1 were consolidated by monitor- p.i. was assessed by staining the gel-fractionated sam-
ples with Coomassie blue. These results were extendeding b-galactosidase activity in cells coinfected with
AcRP6.SC and VLD1 (Fig. 1A). Cells infected with AcUW1- by pulse labeling cells infected with AcUW1.lacZ or VLD1
with [35S]methionine at various intervals between 18 and.lacZ or AcRP6.SC alone provided positive (100%) and
negative (0%) controls, respectively, for comparison with 48 hr p.i. (Fig. 2A). At 18 hr p.i., there was clear evidence
for the production of b-galactosidase and polyhedrin pro-other samples. Coinfecting cells with both AcUW1.lacZ
and AcRP6.SC resulted in a slight decrease in b-galac- teins in cells infected with AcUW1.lacZ, but not VLD1
(Fig. 2A, lanes 2 and 3, respectively). Synthesis of thesetosidase activity (92%), presumably because of competi-
tion between the two viruses. Infecting cells with only two proteins in AcUW1.lacZ-infected cells continued until
at least 48 hr p.i. Neither protein was evident in VLD1-VLD1 produced a very low level of b-galactosidase activ-
ity (1.67%). However, after coinfecting cells with infected cells at 48 hr p.i. Host protein synthesis was
reduced more extensively in AcUW1.lacZ-infected cellsAcRP6.SC and VLD1, higher levels of the enzyme were
observed (64%). compared with VLD1- and mock-infected cultures (Fig.
2A, compare lanes 8, 9, and 10).These analyses were supplemented by examining to-
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FIG. 2. Protein synthesis in cells infected with VLD1 or AcUW1.lacZ. (A) 10–30% gradient polyacrylamide–SDS gel of proteins labeled with
[35S]methionine at 18, 21, 24, and 48 hr p.i. in cells infected with AcUW1.lacZ (lanes 2, 4, 6, and 8, respectively) or VLD1 (lanes 3, 5, 7, and 9,
respectively). Sf21 cells (5 1 105) were infected at an m.o.i. of 10 PFU/cell and pulse-labeled for 1 hr after each time point with 20 mCi of
[35S]methionine. Mock-infected cells were included (lanes 1 and 10). (B) Western blot of chitinase production at 15, 18, 21, 24, and 48 hr p.i. in cells
infected with AcUW1.lacZ (lanes 2, 4, 6, 8, and 10, respectively) or VLD1 (lanes 3, 5, 7, 9, and 11, respectively). Sf21 cells (1.5 1 105) were infected
at an m.o.i. of 5 PFU/cell and infected-cell proteins separated on a 12% SDS–polyacrylamide gel. After Western blotting, the blot was probed with
anti-chitinase antiserum (1/10000) followed by alkaline phosphatase-conjugated goat anti-guinea pig IgG polyclonal antiserum (1/10000) (Sigma
Chemical Co.). The antibody compexes were visualized using the NBT/BCIP system (Gibco-BRL). The position of the chitinase band is indicated
by an arrow. Mock-infected cells were included (lane 1).
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FIG. 3. Marker rescue of VLD1. Sf21 cells (1 1 106) were cotransfected with the mixtures of VLD1 DNA { plasmids containing regions of the
AcMNPV genome. Progeny viruses were harvested 72 hr posttransfection and used in a plaque titration. Rescue was assessed by the ability of
the recombinant virus to produce plaques which contained polyhedra and were blue when stained with X-gal. The fragments are represented as
approximate sizes with respect to the circular AcMNPV genome. The one-letter designations of the restriction fragments are shown. Contiguous
fragments were used separately in the marker rescue. The solid boxes represent those restriction fragments which rescued the mutation in VLD1.
Pulse-labeling cells with [35S]methionine provided an virus DNA fragment which could rescue VLD1 encom-
passed the EcoRI-I region (Ayres et al., 1994). In orderanalysis of the synthesis of many virus proteins. In order
to highlight the synthesis of one virus late gene product to localize the mutation within VLD1 further, the EcoRI-I
region was digested with EcoRV to derive two smallerwe also used a polyclonal anti-chitinase antibody (Haw-
tin et al., 1995) in Western blot analysis of virus-infected fragments [3.9 kbp (nucleotides 428 to 4427) and 3.4 kbp
(nucleotides 4427 to 7759] which were subcloned intocells (Fig. 2B). The chitinase protein (58 kDa) is a late
gene product (Hawtin et al., 1995). Chitinase synthesis pAT153 and designated pAcEI-I(left) and pAcEI-(right).
These two plasmids were then cotransfected with VLD1in AcUW1.lacZ-infected cells was evident from 15 hr p.i.
and increased up to 48 hr p.i., as observed previously DNA and the progeny virus titrated as before. When the
VLD1 DNA was cotransfected with pAcEI-I or pAcEI-(Hawtin et al., 1995). Low levels of chitinase production
were observed in VLD1-infected cells at 18, 21, and 24 I(left), blue, polyhedrin-positive plaques were evident in
the subsequent plaque assay. The pAcEI-I(right) was un-hr p.i., but were much higher at 48 hr p.i. (Fig. 2B, lane
9), when the amount of chitinase present was compara- able to rescue VLD1 and only colorless, polyhedrin-nega-
tive plaques were produced. Representative plaquesble with that in AcUW1.lacZ-infected cells at 24 hr p.i.
from each of the cotransfections were isolated and ampli-
Locating the mutation within VLD1 by marker rescue fied to derive virus stocks in the usual way. The parental
AcUW1.lacZ and recombinants derived from VLD1/pA-The putative mutation responsible for the phenotype
cEI-I and VLD1/pAcEI-I(left) produced virus stocks of sim-of VLD1 was mapped using marker rescue with cloned
ilar infectivity (ca. 5 1 107 PFU/ml). The parental VLD1fragments of AcMNPV DNA. A genomic library compris-
and recombinants derived from VLD1/pAcEI-I(right) pro-ing plasmids containing fragments of AcMNPV DNA pro-
duced virus stocks which were approximately 10-foldduced by restriction endonucleases was assembled. The
less infectious. These data suggest that the mutationclones used are summarized in Fig. 3. Each recombinant
within VLD1, responsible for the lack of production ofplasmid was mixed with infectious virus DNA isolated
very late proteins and reduction in virus infectivity, wasfrom VLD1 and used to cotransfect S. frugiperda cells.
probably located in the 3.9-kbp EcoRI–EcoRV region ofThe cell culture medium was harvested at 72 hr post-
the EcoRI-I fragment.transfection and titrated in a plaque assay. After 3– 4
days, the plaques were stained with neutral red and X-
Sequencing the mutations in VLD1
gal and scored for the presence or absence of polyhedra
and b-galactosidase (blue color). Plasmids which were The EcoRI/EcoRV 3.9-kbp fragment from VLD1 was
characterized further by DNA sequencing to identify dif-able to rescue VLD1 generated polyhedrin-positive, blue
plaques. These clones, representing DNA fragments be- ferences with the wild-type virus. Figure 4 shows a re-
striction map of the AcMNPV hr1 and EcoRI-I regions,tween approximately 95 and 10 map units in the AcMNPV
genome, are shown as solid boxes in Fig. 3. The smallest with a summary of the genes which have been identified.
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Mutations were identified within ORF 2 and lef-2 (Passa-
relli and Miller, 1993a) at positions 1688 and 3620, re-
spectively. Both of the alterations represented G:C–A:T
mutations. The ORF 2 mutation resulted in the replace-
ment of a leucine residue with a phenylalanine, while
the lef-2 mutation caused an aspartic acid to be replaced
with an asparagine.
In order to determine which mutation was responsible
for the VLD1 phenotype, a Sau3AI fragment (nucleotides
1639 to 2434) inserted into pT7T318U (Pharmacia) con-
taining ORF2 or a 285bp SalI fragment (nucleotides
3375–3660) containing a portion of lef-2 were cotrans-
fected with VLD1 virus DNA in marker rescue experi-
ments. Only the fragment specifying lef-2 was able to FIG. 5. One-step virus growth curves. Sf21 cells (6 1 105) were
produce blue, polyhedrin-positive virus. LEF-2 has been infected with AcUW1.lacZ (j), VLD1 (l), Aclef-23620-1 (m), Aclef-23620-
4 (h), or Aclef-23620-5 (s) at an m.o.i. of 5 PFU/cell. The medium overlay-shown to be required for late and very late gene expres-
ing the cells was harvested over a time course of infection and plaquesion in insect cells transfected with a library of bacterio-
titrated.phage lambda clones containing the complete AcMNPV
genome (Passarelli and Miller, 1993a).
virus was recovered at the initial time point. This time
Site-directed mutagenesis of lef-2 in AcMNPV point represented virus present in the medium added to
cells after the 1-hr adsorption period and washing re-
While our studies suggested that a point mutation gime. Between 3 and 15 hr p.i there was a half-log in-
within the lef-2 of VLD1 abolished very late gene expres- crease in the level of infectious virus in the cell culture
sion, we introduced the same point mutation within the media. The burst of infectious virus production occurred
AcMNPV genome to confirm our results. The lef-2 gene between 15 and 21 hr p.i. with a final virus titer of approxi-
was modified within the baculovirus transfer vector mately 1 1 106 PFU/ml at 48 hr p.i. This was sevenfold
pAcCL29 (Livingstone and Jones, 1989). This plasmid lower than that attained by AcUW1.lacZ and supported
was then cotransfected with linearized BacPAK6 (Kitts the difference observed when amplifying the virus stocks
and Possee, 1993) to derive small, colorless virus previously.
plaques. The lacZ coding region within the parental virus
was replaced by a polyhedrin gene lacking the complete DNA synthesis in VLD1-infected cells
coding region, but retaining the polyhedrin gene pro-
moter and 3* untranslated sequences. Three of these The characteristics of VLD1 and the three viruses with
point mutations in lef-2 were consistent with the resultsplaques were isolated and further titrated to genetic ho-
mogeneity. The viruses were designated Aclef-23620-1, 4, reported by Passarelli and Miller (1993a) which first de-
fined the role of this gene product in AcMNPV late geneand 5 to denote the presence of a point mutation at
position 3620 within the AcMNPV genome. Virus stocks expression. However, more recent reports have sug-
gested that LEF-2 affects this process indirectly becausewere prepared from each of the recombinants and from
the parental AcUW1.lacZ and VLD1 using conditions it is involved in virus DNA replication, which is required
for late gene expression (Rice and Miller, 1986; Lu andwhich maximized infectious titers (King and Possee,
1992). The VLD1 and Aclef-23620-1, -4, and -5 viruses had Miller, 1995). The effect of the mutation within lef-2 on
DNA replication was investigated. Insect cells were inoc-titres (e.g., 3.5 1 106 PFU/ml for Aclef-23620-1) which were
at least 10-fold lower than that of the AcUW1.lacZ (5 1 ulated with AcMNPV, AcUW1.lacZ, VLD1, or Aclef-23620-1
and harvested at various times after infection. Total DNA107 PFU/ml).
One-step growth curves were carried out with the un- was extracted from each sample and analyzed using
dot-blot hybridization to detect virus-specific sequences.modified and lef-2 mutant viruses (Fig. 5). The AcUW1.
lacZ parental virus had a lag phase between 0 and 6 hr Figure 6A shows the original autoradiographs from two
experiments and quantification of the signal in each spot.p.i., followed by a small increase in infectious virus by 9
hr p.i. Between 9 and 15 hr p.i. there was a burst of Similar levels of virus DNA were present at each time
point for each virus-infected cell sample.infectious virus released into the cell culture medium,
whereafter the virus titers remained stable until 48 hr p.i. We also examined DNA synthesis in virus-infected
cells using an adaptation of the DpnI-protection assay(7 1 106 PFU/ml). The four mutant viruses, VLD1 and
Aclef-23620-1, -4, and -5, produced a different growth utilized by Kool et al. (1994). Cultures of S. frugiperda
cells were transfected with pAcHL (the HindIII ‘‘L’’ regioncurve. Despite the same amount of virus being added to
the cells at the start of the experiment, less infectious of AcMNPV inserted into the HindIII site of pUC118),
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FIG. 6. DNA replication in virus-infected cells. (A) Determination of DNA replication by dot-blot analysis. Sf21 cells (1 1 106) were infected with
AcMNPV, AcUW1.lacZ, VLD1, or Aclef-23620-1 at an m.o.i. of 3 PFU/cell. After incubation at 287 for 12, 18, 24, or 48 hr p.i., the cells were harvested
and total DNA extracted. An equal amount (1 mg) of total DNA was used in dot-blots and probed with 32P-labeled pAcEI-I (panel i). The dots were
excised and counted (panel ii). (B) Determination of DNA replication by assay of DpnI sensitivity. Sf21 cells (1 1 106) were transfected with 1 mg
of pAcHL using Lipofectin. The transfected cells were incubated at 287 for 24 hr and then infected with AcNPV, AcUW1.lacZ, VLD1, or Aclef-23620-
1 at an m.o.i. of 3 PFU/cell. The infected cells were incubated at 287 for a further 24 hr and then total cellular DNA extracted. Equal amounts (1
mg) of the extracted DNA were digested with 5 units of HindIII (0) or HindIII and DpnI (/) for 2 hr at 377. The digests were fractionated on a 0.8%
agarose gel and transferred to a nylon membrane. This was probed with 32P-labeled pUC118. DNA size markers are indicated to the left of the
blot.
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which contains hr2, an element of the AcMNPV genome It was possible that other mutations may have been
known to serve as a replication origin in virus-infected induced in the VLD1 genome by the BrdU treatment,
cells (Pearson et al., 1992). The plasmid DNA was iso- which were not detected by marker rescue. However,
lated from a bacterial strain, E. coli JM105, which methyl- insertion of the single point mutation into lef-2 in an other-
ates the ‘‘A’’ residue within ‘‘GATC.’’ Twenty-four hours wise wild-type virus resulted in the same replication
after transfection, the cells were infected with AcMNPV, characteristics as VLD1. These data suggested that only
VLD1, or Aclef-23620-1. Total DNA was extracted from the point mutation in lef-2 was responsible for the pheno-
these cells at 24 hr p.i., digested with HindIII and DpnI, type of the mutant virus.
and fractionated in an agarose gel. The DNA was trans- LEF-2 was identified as essential for late and very late
ferred to a nylon membrane and DNA resistant to DpnI AcMNPV gene expression by using an assay of transient
digestion detected with a plasmid-specific probe expression from late and very late AcMNPV gene promot-
(pUC118). Methylated plasmid DNA isolated from the ers in insect cells transfected with a complete or incom-
bacterial host is sensitive to DpnI digestion, but after plete library of cloned AcMNPV DNA fragments (Passare-
replication in insect cells the lack of addition of methyl lli and Miller, 1993a). Omission of lef-2 from the library
groups to the appropriate nucleotides renders it resistant resulted in abrogation of late and very late gene expres-
to DpnI. Figure 6B shows a fragment of DNA (3.2 kbp) sion. These earlier data were in agreement with the ob-
corresponding to the pUC118 backbone of HindIII-di- servation that mutation of lef-2 in VLD1 abolished very
gested pAcHL in transfected cells infected with AcMNPV, late gene expression. Subsequent data (Kool et al., 1994;
VLD1, or Aclef-23620-1. This confirmed that virus DNA had Lu and Miller, 1995) suggested that LEF-2 was necessary
been synthesized with similar efficiencies in all virus- for virus DNA replication which is required for late gene
infected cell cultures. In a range of control experiments expression. Reporter plasmid replication was deter-
(data not shown), reporter plasmid DNA recovered from mined in insect cells transfected with a library of cloned
uninfected cells transfected with pAcHL was completely AcMNPV DNA fragments. A minimal library of fragments
susceptible to DpnI digestion. which would support plasmid replication included ie-1,
lef-1, lef-2, lef-3, p143, and p35. Analysis of DNA replica-
DISCUSSION tion in VLD1-infected cells, however, suggested that
there was no significant difference in the amount of plas-
This report has described the production of mutant mid replication when compared to wild-type infections.
viruses using BrdU treatment of AcUW1.lacZ. These were
One possible explanation for this anomaly is that LEF-2
variably deficient in very late gene expression. Comple-
serves a dual role both in DNA replication and late gene
mentation analysis was performed to determine whether
expression. The point mutation present in the VLD1 lef-
the VLD mutants were deficient in factors involved in
2 may not affect the function of the LEF-2 protein in DNAthe control of very late gene expression or whether they
replication, but may serve to abrogate very late genepossessed deletions in the very late genes themselves.
expression. Although the temporal expression of lef-2This revealed that one mutant virus, VLD1 (possessing
has not been characterized in detail, the promoter se-a polyhedrin-negative, b-galactosidase-negative pheno-
quence of the lef-2 contains a late promoter consensustype), could be complemented by AcRP6.SC (which
motif (TAAG) (Rohrmann, 1986). This would suggest thatlacked polyhedrin and lacZ). Subsequent analysis re-
the protein has a role late in infection after DNA replica-vealed that virus-specific protein synthesis was delayed
tion. We are currently investigating the temporal expres-in VLD1-infected cells when compared to AcUW1.lacZ-
sion of lef-2 in VLD1- and AcMNPV-infected cells. It hasinfected cells. The titer of VLD1 was consistently lower
recently been shown that the OpMNPV lef-1 gene is ex-than that of AcUW1.lacZ. This was probably due to the
pressed both early and late in infection (Ahrens and Rohr-delay in late gene expression, which is required for bud-
mann, 1995). It will be interesting to determine whetherded virus production. The mutant virus, unlike AcUW1.
this is the case for lef-2 and to compare its expressionlacZ, also appeared to be unable to shut off host protein
in AcMNPV- and VLD1-infected cells.synthesis at late times postinfection.
The apparent disparity in the data generated in thisMarker rescue and nucleotide sequence analysis
report and those described by Kool et al. (1994) and Luwere used to identify the location of mutations in VLD1
and Miller (1995) highlight the possible differences thatwhich might be responsible for the absence of very late
may arise when disparate experimental approaches aregene expression and the slow rate of amplification of
employed. The assays of transient DNA replication orthis virus. A mutation was present in ORF2 (Ayres et al.,
late gene expression have served as a facile system1994) and another in lef-2 (Passarelli and Miller, 1993a;
for characterizing AcMNPV gene function. They may not,Ayres et al., 1994). In both cases, the mutation was a
however, accurately reproduce the conditions in virus-G:C–A:T transition. Further marker rescue experiments
infected cells. The generation of virus mutants, whilerevealed that VLD1 could be restored to a normal pheno-
type by cotransfection with an unmodified lef-2. more time consuming, as evidenced by our experience
AID VY 7761 / 6a11$$$681 02-05-96 13:06:39 vira AP: Virology
348 MERRINGTON ET AL.
Li, Y., Passarelli, A. L., and Miller, L. K. (1993). Identification, sequencein characterizing this single virus, may allow us to deter-
and transcriptional mapping of lef-3, a baculovirus gene involved inmine more subtle roles of virus-encoded gene products.
late and very late gene expression. J. Virol. 67, 5260–5268.
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